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Nakstad et al neonatal GBS sepsis estimated to be 0.29-0.41/1,000 live births. The majority of cases (73%) were in term neonates. 7, 8 Because early antibiotic treatment can limit morbidity and mortality, it is of uppermost interest to find improved methods to diagnose early neonatal GBS infection and avoid a rapid disease progression to a potentially life-threatening condition. Better diagnostic tools are also needed to limit the widespread use of unnecessary antibiotics. Increased interleukin (IL)-8 response in blood has been observed in severe and fatal sepsis [9] [10] [11] and in cerebrospinal fluid in bacterial meningitis. 12 Interferon-γ-inducing protein (IP)-10 is a sensitive marker of severe malaria disease 13 and could also be a potential biomarker in sepsis. S100b is associated with experimental sepsis 14 and poor neurological outcome in preterm infants. 15 The aim of this bench study was to explore the potential usefulness of inflammatory biomarkers, including IL-6, IL-8, IP-10, and S-100b, and leukocyte receptors CD11b, CD64, and toll-like receptors [TLRs] 2, 4, and 6 in diagnosing neonatal GBS sepsis at an early stage. We analyzed the responses in human umbilical cord blood (HUCB) and speculated that the appropriate use and processing of selected biomarkers could help in the diagnosis and management of patients with neonatal GBS sepsis. A secondary aim was to assess the utility of the HUCB model system of neonatal sepsis.
Methods
GBS isolates
The study was approved by the regional ethics committee (2013/609/REK sør-øst) and the privacy data officer at Akershus University Hospital. GBS was isolated from the blood of a neonate with proven sepsis with GBS type III, subtype rib; r4 in November 2013. Written consent was obtained from the parents. The neonate was born at term with appropriate weight for age and rupture of the membranes 38 hours prior to birth. In Norway, routine screening for maternal GBS colonization is not performed, and the mother did not receive perinatal antibiotic therapy. The newborn developed respiratory distress, irritability, and low SaO 2 at 6 hours after birth. C-reactive protein (CRP) and white blood cells were normal at initiation of antibiotic therapy. The GBS isolate from this patient (GBS III) and the commercially available type strain CCUG 4209 (Culture Collection, University of Gothenburg, Sweden) (GBS Ia) were grown on blood agar and incubated at 37°C and 5% CO 2 for 24 hours. Bacterial cells were harvested in phosphate-buffered saline (PBS) and counted spectrophotometrically on Smart Spec Plus (Bio-Rad Laboratories Inc., Hercules, CA, USA) and heated at 60°C for 120 minutes at 600 rpm. Aliquots of 5×10 9 colonies/mL were stored at -80°C.
Cohort of delivering mothers and pregnancies
Healthy women with uncomplicated pregnancies with no known GBS colonization or other risk factors for infection admitted to the labor and delivery unit at Akershus University Hospital, Norway, October 2014-February 2015, were asked for verbal and written consent to harvest umbilical cord blood postpartum, after cord clamping. Exclusion criteria were a history of smoking or use of medications during the pregnancy, signs of maternal infection, or other risk factors for fetal infection including prolonged rupture of membranes and preterm delivery (prior to gestational week 37+0). Demographic characteristics of the mothers, their pregnancies, and the infants are presented in Table 1 .
Blood sampling and in vitro model of GBS sepsis
The HUCB was collected in lithium heparin-coated vacutainers. The blood was transferred to tissue culture dishes and stimulated with GBS III and Ia in separate dishes in an incubator at 37°C in humidified air for 2 hours, except for in the time-response experiments. This model, but with other stimulants, has previously proven to be appropriate for keeping the cells alive prior to flow cytometry. [16] [17] [18] [19] Time series experiments and dose-response assessment , or 5×10 8 cells/mL, which we, in consultation with clinical and academic microbiologists in our institution, thought would cover relevant GBS concentrations for clinical sepsis (Figure 1) . 20 The surface expression of Figure 1 Flow chart of the study protocol. Abbreviations: GBS, group B streptococcus; PBS, phosphate-buffered saline; CD, cluster of differentiation; TLR, toll-like receptor; IL, interleukin; IP, interferon-γ-inducing protein; CXCL, chemokine ligand; S100b, S100 calcium-binding protein B.
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Nakstad et al (12-9922-42) Baseline (0 hour) blood was prepared directly for flow cytometry. The 2-hour control was incubated with PBS and GBS cultures at a final concentration of 10 8 GBS cells/mL for both GBS III and GBS Ia.
HUCB was incubated with 10 µL mouse serum on ice for 10 minutes in the dark, then washed with cold PBS and centrifuged. All centrifugations were carried out at 300 g for 5 minutes at 4°C. The cells were stained with fluorochromeconjugated antibodies on ice in the dark for 30 minutes. Tube A contained CD14-APC-H7 (5 µL), CD45-PerCP (20 µL), CD64-BV421 (5 µL), CD11b-APC (20 µL), TLR2-PE (20 µL), and TLR6-FITC (10 µL) and tube B contained CD14 (5 µL), CD45 (20 µL), and TLR4-PE (20 µL). Red cells were lysed in a FACS lysing solution, pelleted, and washed in cold PBS with 10% fetal bovine serum, and then centrifuged and the pellet was resuspended in 1×IOTest® 3 Fixative Solution, until flow cytometry analysis.
FACSCanto II flow cytometer ( Table 2 , configuration) and FACS Diva Software Version 7.1 (BD Biosciences) were used for the analysis. The median fluorescence intensity of the examined parameters was recorded.
Cytokine, chemokine, and S100b enzyme-linked immunosorbent assay analysis Human IL-6, CXCL8/IL-8, and IP-10 Quantikine enzymelinked immunosorbent assay kits were from R&D Systems, Inc. (Minneapolis, MN, USA) and S100b from Fujirebio Diagnostics (Gothenburg, Sweden).
Plasma was collected from cultures at baseline (0 hour), 2-hour control (PBS, 2 hours), and 2-hour GBS stimulation (GBS III and GBS Ia separately, 2 hours). HUCB was centrifuged at 2,000× g for 10 minutes and plasma stored at -80°C. Plasma samples were diluted if necessary and analyzed in singlets following the manufacturer's instructions on the Varioscan instrument (Thermo Fisher Scientific) using SkanIt software Version 2.4.3.
Statistical analysis
We report the medians with interquartile ranges as the data were not normally distributed. Differences between the GBS-stimulated and control samples were tested with the Mann-Whitney U test. We calculated Pearson's correlation coefficient (r) for associations between the different biomarkers. The area under the receiver operating characteristic curve (AUC) with 95% CI was calculated for each biomarker. We also estimated the cutoff value that would give each biomarker at least a 95% sensitivity for detecting GBS stimulation and report the corresponding specificity for that value. Statistical analyses were performed with IBM SPSS 22 for Mac (IBM Corporation, Armonk, NY).
Results
The overall responses were highest for GBS III isolated from the neonate with clinical sepsis. In general, stimulation with the commercially available GBS Ia strain resulted in responses that overlapped with those of the control samples.
Overall leukocyte responses
Specific results including the AUC values for the different surface markers are presented in Figure 2 and Table 3 . The leukocyte responses showed a large interindividual variation but with significant correlation across TLRs and CDs, except for CD64 and TLR6 that did not correlate significantly (r =0.09, P=0.43).
CD11b and CD64
Both GBS III-and GBS Ia-stimulated samples had higher granulocyte and monocyte CD11b levels compared with 2-hour PBS controls (P<0.001 for both GBS subtypes; Figure 2 ). CD64 was higher in GBS III-stimulated samples compared with 2-hour PBS controls (P=0.004). CD64 in GBS Ia-stimulated samples was not different from 2-hour PBS controls (P=0.97). 
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Early biomarkers of group B streptococcus neonatal sepsis Toll-like receptors TLR2 and TLR6 were higher in GBS III-stimulated samples compared with 2-hour PBS controls (P<0.001 and 0.038, respectively; Figure 2) . TLR4 was not different in GBS III-stimulated samples compared with 2-hour PBS controls (P=0.73). TLR2 was higher in GBS Ia-stimulated samples compared with control cultures (P=0.027). TLR4 and TLR6 were not different in GBS Ia-stimulated and 2-hour PBS controls (P=0.26 and 0.57, respectively).
Overall response in soluble biomarkers
Specific results including the AUC for the different soluble biomarkers are presented in Figure 3 and IL-6 increased 85-fold from baseline and 40-fold that of PBS control samples. Both GBS III-and GBS Ia-stimulated samples had higher IL-6 levels compared with 2-hour PBS controls (P<0.001 for both GBS subtypes).
IL-8 showed a large interindividual variation, with a 1,000-fold increase in IL-8 from baseline and a 12-fold 
AUC, sensitivity, and specificity
AUC values for the biomarkers are presented in Table 3 . GBS III gave the highest responses and AUC values for all biomarkers. Only IL-6 and IL-8 displayed an AUC approaching 0.8 for both GBS serotypes (P<0.001). IL-8 >5,292 pg/mL had both a sensitivity and a specificity of 1.00. IL-6 >197 pg/mL had both a sensitivity and a specificity of 0.95 for GBS III stimulation. CD11b on granulocytes and monocytes were the leukocyte surface markers with the highest AUC values for both GBS serotypes.
Discussion
In this in vitro model of HUCB designed to mimic EONS, IL-6, IL-8, and CD11b were significantly elevated after 2 hours of GBS stimulation and could be sensitive and specific biomarkers of neonatal GBS sepsis at an early stage. The GBS III isolate was from a neonate with confirmed EONS with typical clinical signs of sepsis, and we thus believe that the responses demonstrated in the present in vitro model can have direct relevance to clinical GBS infection. The commercially available GBS Ia gave weaker and in general insignificant responses, potentially due to attenuation caused by multiple laboratory passages. In addition, GBS III is known to cause more invasive disease than other serotypes. 21 The ideal biomarker should be practical and sensitive and result in a larger therapeutic window and improved neonatal outcomes. Due to the potential devastating consequences of not detecting a GBS infection, we determined cutoff values for each biomarker based on a desire to maximize sensitivity 
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Early biomarkers of group B streptococcus neonatal sepsis at the expense of a lower specificity. Cost and processing time are feasible for analyses of the soluble biomarkers and could be implemented in routine laboratory and clinical practice. Flow cytometry requires the presence of skilled personnel and is not routinely used for acute clinical analyses in most centers yet. Future research in the area may include measuring inflammatory marker expression by real-time polymerase chain reaction, as well as other inflammatory markers such as inducible nitric oxide synthase, cyclooxygenase-2, and nitrite.
Cell surface markers
CD11b is normally expressed at a very low concentration on the surface of nonactivated neutrophils, but increases within 5 minutes of exposure to bacteria or endotoxin. 22, 23 This is in accordance with our time series experiments and results showing a marked increase 2 hours after exposure to GBS. Neutrophil CD11b has been found to be a promising marker for diagnosis of early infections. 22 Two hours after the onset of GBS III stimulation, CD11b on granulocytes was the inflammatory marker with the highest specificity (100%) at a cutoff value that gave the test at least a 95% sensitivity, which is excellent. The cutoff value was higher than in other studies, [23] [24] [25] [26] which may be due to calibration issues and local procedures. Importantly, the other studies reported values from septic patients colonized with different types of pathogens, whereas we report values from simulated very early neonatal GBS sepsis.
In this study, CD64 has a much lower specificity for GBS stimulation compared with CD11b, in particular, for GBS Ia. Choo et al 27 showed that the diagnostic accuracy of CD64 was superior to CRP when measured at the time of suspected sepsis. However, in comparison to CD11b, CD64 may be a more effective marker for the diagnosis of late-onset infection, 28, 29 which might be a reason for the discordant findings in our model of early-onset GBS sepsis.
The TLR-mediated inflammatory response to neonatal pathogens seems to be differentially regulated by different pathogens. 30 In simulated GBS sepsis we found that only TLR2 had a reasonable sensitivity and specificity for GBS III, but not for GBS Ia.
Soluble markers
The cytokines IL-6 and IL-8 were markedly elevated in GBS-stimulated HUCB. IL-6 and IL-8 had a strong positive correlation, indicating that both these markers may be useful in the diagnosis of early GBS sepsis.
IL-8 was the one marker with the strongest positive correlation to all the other parameters, except for IP-10 and S100b. IL-8 was also the marker with the greatest increase and the highest AUC for both GBS subtypes. We have previously shown that simulated Escherichia coli infection is significantly associated with increased IL-8. 16 IL-8 is a potent activator and chemoattractant of neutrophils and has been demonstrated to upregulate neutrophil CD11b. IL-8 thus stands out as a representative biomarker for the inflammatory cascade associated with very early GBS disease and is synthesized much earlier after exposure to an infective process or tissue damage than CRP. 31 As the concentration of CRP increases rather slowly in the initial phase, CRP has been considered a specific but late marker of neonatal infection. 32 It has previously been argued that the most reliable laboratory test is the combined measurement of CRP and a cytokine (IL-6 and IL-8), besides clinical symptoms. 33 IL-8 in combination with either CRP 34 or CD11b 24 has been suggested. Our results indicate that this may be a reasonable approach, even very early (2 hours) and at a low GBS load (10 8 GBS/mL) simulating the first stages of developing sepsis. S100b, a biomarker available for routine analysis in our hospital, was not increased in our experiments, which could be due to the in vitro HUCB model used. S100b is not restricted to neuronal tissues, 35 but may be elevated in blood during severe sepsis alone, and release of S100b may also depend on the gestational age of the infant. 36 It has been speculated that the rate of release of serum S100b can be a sensitive readout of ongoing sepsis, but we could not prove any increase in S100b after 2 hours of stimulation. We cannot rule out that S100b may be a tentative biomarker for late-onset sepsis and septic or asphyctic encephalopathy. 37, 38 This needs further research.
Utility of the HUCB model system
HUCB is composed of all the elements found in neonatal whole blood and is rich in hematopoietic cells. Besides using HUCB as a model for EONS, incubating HUCB from neonates with risk factors for sepsis to measure inflammatory biomarkers may offer a noninvasive diagnostic option. IL-6 and IL-8, as well as CD11b respond early, and analysis of these biomarkers may be feasible within 2 hours if cord blood is harvested in high risk deliveries for neonatal sepsis.
Strengths and limitations
We analyzed two different strains of GBS, one of which was isolated from a septic neonate. The simulated GBS sepsis response was tested in time-response and dose-response experiments in blood that until birth had been circulating in the newborn infant. Current knowledge supports our findings and our study generates hypotheses to be further explored in the clinical setting. GBS III is the predominant strain in early-onset GBS sepsis, but still only represents about half of the infections. Thus, if a biomarker is not appreciably elevated in infection with other type strains, one could argue that it would not be reliable in detecting early-onset GBS sepsis in general. However, the commercially available GBS Ia strain has been exposed to several steps of preparation, which may attenuate the strains pathogenicity.
We did not relate the biomarker responses to the concentration of leukocytes in the HUCB, but our model represents a natural habitat of leukocytes with leukocyte and biomarker concentrations as in vivo. Variations in leukocyte numbers should therefore be representative for the natural variation. As pregnant women without risk factors or symptoms of infection are not routinely screened for GBS in Norway, the GBS status of the women from which we harvested HUCB was unknown. Different GBS colonization status in the women may have contributed to the large interindividual variation in the biomarker responses.
The model does not include responses in vivo and inflammatory responses in body tissues and organ involvement in sepsis are therefore excluded. A large number of hypotheses were tested and statistical tests were performed without adjusting for multiple comparisons. However, we consider it less probable that the main findings could be due to statistical coincidences because of the systematic trend, in particular, in the IL-8, IL-6, and CD11b observations. Finally, the cord blood was harvested from only term pregnancies. Premature neonates may display immune system immaturity beyond that of term babies, which could specifically predispose premature newborns to bacterial infection resulting in organ sequelae. 43 The fact that a majority of newborn infants who receive antibiotic treatment are preterm, and therefore more likely to benefit from avoiding unnecessary treatment, may limit the applicability of our results. However, chemokines including IL-6 and IL-8 have been found to be unaffected by gestational and postnatal age, 28 and neutrophils from preterm infants express CD64 during bacterial infections similar to those from term infants. 34 Also, the majority of early-onset GBS sepsis still occurs in term infants.
Conclusion
GBS resulted in marked changes in inflammatory cell receptors and cytokines in a model of very early neonatal GBS sepsis. IL-8 and IL-6, as well as CD11b on monocytes and neutrophils are sensitive and specific biomarkers of simulated GBS infection. HUCB as a model and diagnostic tool has a widespread potential.
